The ability to repair battle damage in a helicopter tail drive shaft (TDS) caused by small arms fire is a very important capability. A successful repair will enable the helicopter to continue its mission or at least allow it to return safely to base. This paper describes assessment of conventional and novel repair techniques using riveted metallic patches to restore the balance and strength of a damaged TDS. Analytical approaches are provided for the design of the repair. Modal analyses indicated that the effect of repair on change of the natural frequency of the TDS was negligible. An experimental testing program was conducted to validate the proposed repair methods. It has been demonstrated that the proposed repair methods achieved sufficient balance restoration by a defined repair procedure, assuming the unbalance could not be measured during a repair in the field. The conventional thin, single aluminium sheet, riveted repair significantly restored static strength. However, it only gave a fatigue life of 15hrs, and thus the repaired shaft may only be used for limited time for a military mission. The improved thick, two-half aluminium shell, riveted repair had sufficient static strength and met the 100-hour fatigue requirement.
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NOMENCLATURE
D diameter of drive shaft (mm) E modulus of drive shaft material (GPa) F centrifugal force m total lost mass due to ballistic impact (g) m eb equivalent balancing mass (g) R outer radius of drive shaft (mm) R i inner radius of drive shaft (mm) R h radius of damage hole (mm) t shaft wall thickness (mm) ρ density of drive shaft material (g/cm 
INTRODUCTION
The tail drive shaft (TDS) of a helicopter is both a primary structure and a dynamic component. The TDS is traditionally made from a high strength aluminium alloy, although composite materials have made significant inroads in recent times. In peacetime, the damage limits in a metallic TDS are generally set quite low. A scratch deeper than several thousandths of an inch (one or two tens of a millimetre) could result in the requirement to replace the shaft. This is due to specification for the surface condition of the shaft to reach the specified durability under prolonged high frequency fatigue loading.
On the other hand, the TDS of a military helicopter is designed to have a relatively large ballistic damage tolerance. Provided that the ballistic damage is within this tolerance, the shaft would not fail catastrophically upon suffering ballistic impact. However, the damage could seriously compromise the performance of the helicopter and significantly limit its operating life. Depending on the degree of the damage, the helicopter may not be able to have its full mission capability, or in the worst case, may even be at risk for a return-to-base flight.
Ideally, the damaged shaft would be replaced as soon as the helicopter is landed. However, a replacement shaft may not always be available especially at a remote operating base. Even at the depot, storing sufficient spare TDS as well as all other components with a similar level of vulnerability and importance for all aircraft in use may not be feasible since this may be an excessive logistic burden. Thus rapid battle damage repair (BDR) techniques may be needed to enable a helicopter with damaged TDS to continue its missions for a short period of time or at least make a safe return to base (1) . For battle damage repairs, a riveted metallic patch repair is often used, particularly for repair of metallic components. This method can be applied rapidly with minimum portable materials/ tools and, in contrast to a higher quality bonded repair (2) , does not require special non-destructiveinspection (NDI) methods for repair quality inspection. Though the riveted BDR to TDSs has been considered as a traditional repair method, little has been reported in the literature regarding the detailed repair method and effectiveness (3) . This paper details research in application of traditional riveted metallic patch repair methods as well as development of novel repairs, including analytical and experimental assessment of the effectiveness of these repair methods.
BATTLE DAMAGE AND REPAIR METHODS
A typical helicopter tail drive shaft is considered in this study which is made of a high strength aluminium tube material (2024-T42) with external diameter D = 89mm, thickness t = 2ּ4mm and Young's modulus E = 73 GPa. The design limit load = 1,300Nm, design ultimate load = 1,950Nm and operational speed = 4,100RPM (2) .
Battle damage
In the case of a small calibre (e.g. a 7ּ62mm bullet) penetration, the shaft would have a relatively high residual strength and the balance can be restored by drilling a matching counter balance hole.
This paper focuses on repairs of severe damage to the shafts that would cause a significant reduction of the shaft cross section (Fig. 1) , resulting in significant strength reduction and mass unbalance. In the following discussion the battle damage is represented using a 50mm diameter hole at one side of the shaft wall. Use of machined holes was to provide consistent damage for comparison of repair effectiveness among different repair methods and trials.
Repair requirements
The following requirements are considered for TDS battle damage repair applications: (1) The rivet repair needs be completed within two hours with simple portable tools and materials.
(2) Restoration of balance must be achieved and guaranteed by a well-defined repair procedure, assuming the unbalance could not be measured during a repair in the field.
(3) The repair shall not significantly change the lowest bending and torsional natural frequencies.
(4) The repair should provide static and short-term fatigue strength recovery sufficient as required for the mission.
Repair methods
Repair trials conducted indicated that two kinds of repairs could satisfy the requirement of two hours repair time with simple tools:
(1) Referring to Fig. 2(a) , a thin sheet metal wrapping is riveted around the damaged area with a symmetric self-balanced rivet pattern. Balance in the shaft is restored by installing additional rivets/washers) on the sheet metal over the damaged area. Trials indicated that a technician with basic sheet metal work training could complete a repair within the two-hour time frame requirement using a flat aluminium sheet (high strength, aircraft grade) up to 0ּ50mm thickness. and mass unbalance. In the following discussion the battle damage is represented using a 50 mm diameter hole at one side of the shaft wall. Use of machined holes was to provide consistent damage for comparison of repair effectiveness among different repair methods and trials. A thicker sheet would increase the bending difficulty and thus significantly slow down the process.
(2) Alternatively, a thicker (around 2mm) aluminium sheet could be pre-rolled using a rolling machine and supplied in a BDR kit. The sheet thickness used is close to that of the TDS tube and the balancing rivets/washers were installed surround the damaged area of the tube ( Fig.  2(b) ). These rivets serve both balance and strength recovery purposes. The balance weight can be adjusted by using different number of washers. In addition, if a small portable rolling machine is available on site, making a 1mm thick patch repair within two hours would also be feasible. The area removed on the TDS due to ballistic damage can be measured by wrapping a transparent paper with pre-printed grids and counting the number of grids in the damaged area.
Note that when the second repair method ( Fig. 2(b) ) is used, the balancing rivets are not uniformly distributed over the damaged area. Discussion about the effect of rivet distribution will be given in Section 3 below.
The repair materials used are: 
EFFECTIVENESS OF BALANCE RESTORATION

Unbalance mass estimation
Since only the lowest bending and torsional natural frequencies are of interest, the total mass lost on the shaft due to ballistic impact damage may be treated as being lumped in one section (4) . The possible error that may affect the effectiveness of balance restoration can be attributed to the following sources:
(1) Error of total mass of the balancing rivets/washers against the total mass lost on the shaft due to ballistic impact damage (2) Location error of the mass centre of the balancing rivets/washers away from the desired location along the circumferential direction of the tube, and (3) Distribution error of the balancing rivets/washers against the original mass distribution of the shaft in the damaged area. Table 1 lists the effect of the location error on balance restoration, derived by the authors. An error of 6° (or about 5mm arc length for a shaft with an outer diameter of 89mm) would reduce the balance restoration by 10%. This relationship is essentially linear up to 100% reduction of balance restoration being reached. The repair using a pre-rolled thicker aluminium sheet ( Fig. 2(b) ) can be considered as a good example to assess the effect of rivet distribution. Let us use m to express the mass originally in the damaged region, and m eb to express the equivalent balancing mass, which is a mass at a point that would generate the same centrifugal force of the mass originally in the damaged region. Referring to Fig. 1(b) , the mass m and the equivalent balancing mass at point o, m eb can be calculated through a double integration (details are provided in Appendix A) to be 2,037ּ5mm 2 ρ t and 1,963mm 2 ρ t respectively, where ρ and t are the density and thickness of the aluminium tube respectively. Referring to Fig.  2 (b), if we divide the mass 2,037ּ5mm 2 ρ t equally to 16 rivet locations distributed uniformly around the damaged region with an edge distance of 6mm (twice the diameter of 3mm rivets), the equivalent balancing mass (at point o) from these will be 0ּ915 m eb , that is 8ּ5% error is generated for a significant distribution mismatch between the rivets and the shaft mass removed in the damaged region.
For the pre-rolled thicker aluminium sheet, the thickness of the repair sheet (2ּ06mm) must be taken into consideration. This will increase the equivalent balancing mass (at point o) by 4ּ6% (considering that the centrifugal force is proportional to the radius for a given angular speed). Thus overall the balance restoration would be 95ּ7% in theory.
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Experimental assessment
Experimental method
The test program sequence is illustrated in Fig. 3 . Aluminium alloy tube specimens in 89mm outer diameter, 600mm length and 2ּ06mm wall thickness were prepared and initially balanced. Ballistic tests were carried out to examine the damage pattern and its effect on shaft unbalance. 12ּ7mm and 20mm rounds were shot at the specimens with different impact angles (normal and 30 degrees related to the shaft axis). Figure 4 shows the spinning ballistic test rig (upper limit speed 3,200 RPM was used). Figure 1 (a) shows an example of the specimen damaged by a projectile while spinning. The detailed ballistic test results will not be discussed here.
A 50mm diameter hole, representing a reasonably large-sized damage as discussed earlier, was drilled on those specimens to be repaired.
As shown in Fig. 3 , the specimen was initially balanced by riveting additional small sheet metal strips at both ends. Unbalance was measured at several stages to monitor the unbalance change after each activity. The initial balance and all the unbalance measurements were conducted by a professional dynamic balancing industry company (5) . Table 2 lists the results of 3 repaired specimens. An average of 90% balance restoration was achieved. In the real repair practice, it is expected the unbalance reduction may be slightly worse, since accurate estimation of damaged area with irregular boundary would be more difficult. Assuming a 10% error in the estimation of removed area (total mass), 10% location error of the mass centre of the balancing rivets (around 6° or 5mm arc length, refer to Table 1) , and 5% mass distribution error, the overall restoration of balance would be approximately 85% (using probability summation). Overall it still appears to be a reasonably effective repair method in terms of restoration of balance for an urgent temporary repair.
Measurement results
DYNAMIC EFFECT
Finite element (FE) modal analyses were carried out to examine the effect of the repair on the dynamic performance of the TDS. The FE software used was MSC NASTRAN version 2007.
In the analyses a 1ּ5 m long shaft with simple supports at both ends was considered. The repair was simulated using a thin (0ּ5mm) and thick (2ּ0mm) sheet with 200mm width, wrapping over the damaged area of the tube specimens. For the thin sheet repair, balancing mass was added on the sheet over the damaged area. The weight of the couplings was not considered and the exact span length between the supports may be slightly different for the real helicopter. These variations may cause error in the predictions. However, as this calculation focused on a relative comparison between undamaged and repaired shafts, any difference between these predictions and the actual situations was accounted for.
The results listed in Table 3 shows that the effect of repair on the natural frequency of the TDS was negligible (< 3ּ5%). As the natural frequency of a TDS is generally designed significantly away from the operational frequency, the repair would unlikely change the dynamic performance significantly due to a possible resultant resonant vibration. 
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REPAIR DESIGN CONSIDERATION FOR STRENGTH RECOVERY
Strength of undamaged tail drive shaft
The maximum shear stress of a thin-walled tube under pure torsion, τ max can be determined using the applied torque T, and the outer and inner radii (R and R i ). The two-lobe buckling onset shear stress of a tube, τ b , can be calculated using the following semi-empirical formula (6) :
. . . (1) where E is the elastic modulus of the tube material, v is Poisson's ratio, t is the wall thickness and D is the external diameter. Thus, the buckling onset shear stress is only a function of the wall thickness-to-diameter ratio for a given material.
For an aluminium tube considered in this study with D = 89mm, t = 2ּ4mm and E = 73GPa under 1,950Nm design ultimate load, the maximum shear stress τ max and buckling onset shear stress τ b can be determined to be 70ּ8MPa and 248ּ1MPa respectively. Comparing τ max with the shear strength value of Al 2024-T42 material listed in Table 4 , the strength safety factor is over three times. Comparing τ max with τ b , the buckling safety factor is also over three times. Table 4 Aluminium material properties (7) (8) 
Material Property
Al 2024-T42 Al 6061-T6 
Damaged tail drive shaft
For the damaged shaft, a non-linear FE analysis was conducted using the material properties of Al 2024-T42 (Table 4 ). In the analysis the strain-hardening elastoplastic behaviour is incorporated with the Von-Mises yield criterion.
The FE model for the undamaged shaft was benchmarked against the closed-form analysis. The predicted stresses from these two methods were virtually the same. Figure 5 shows the meshes of the tube with a 50mm diameter hole. The thickness of the tube was 2ּ4mm. The load considered was 1,950Nm as the design ultimate load.
The stress results are summarised in Table 5 . The damaged, un-repaired shaft would yield significantly under the ultimate load. 
Repaired tail drive shafts
The strength of a specimen with the thin sheet repair can be estimated by considering a few factors:
(1) For an aluminium tube with wall thickness of 0ּ5mm, the maximum shear stress τ max can be calculated to be 162ּ1MPa, which is well below the material yield stress. This factor indicates that the repair could potentially recover the strength significantly.
(2) The stress concentration caused by the balancing rivets in the thin sheet over the damaged region limits the strength recovery, particularly fatigue strength recovery.
(3) The strength recovery may also be limited due to possible local buckling deformation of the thin sheet above the damage area, as will be discussed below. The buckling onset shear load was estimated in two ways. Considering a tube made by the repair sheet only, Equation (1) with t = 0ּ5mm predicts the buckling onset load to be 23ּ2MPa, which is around 30% of the design ultimate load, or 45% design limit load. Alternatively, the repair sheet can be assumed as 'welded' to the TDS shaft. The predicted local buckling onset load using a FE analysis is just above the design ultimate load. The real buckling onset load is expected to be in between these two loads, since the shaft provides support to the repair sheet by compression contact and surface friction only, which is not as effective as a fully combined structure.
For a specimen with the thick sheet repair, the static strength can be considered to be fully restored since the stress level is low due to the thick sheet material used and buckling onset load is above the design ultimate load. The fatigue life is also expected to be increased significantly. 
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EXPERIMENTAL VALIDATION OF STATIC AND FATIGUE STRENGTHS
Test specimens
Owing to availability considerations, aluminium alloy (6061) tubes with 89mm outer diameter, 600mm length and 2ּ06mm wall thickness were used as the TDS test specimens. A 50mm diameter hole was drilled on those specimens to be repaired.
Test rig
A test rig was specially designed and built which could apply a pure torsion load to the TDS specimens. As shown in Fig. 6 , the test rig has two large aluminium C-channels, which were bolted onto the laboratory floor using four M36 bolts. The test specimen was secured to the test rig through two bulk aluminium sleeves using six high-strength M10 bolts at each end. The fixed end sleeve was directly bolted to the C-channel. The loading end sleeve was supported by a large ball bearing and the bearing housing which was bolted to the second C-channel. The load was applied using a moment loading arm inserted in the loading end sleeve and a hydraulic actuator. A load cell was incorporated between the moment loading arm and hydraulic actuator to measure the force generated by the hydraulic actuator. The applied torque was determined by multiplying the force by the length of the moment loading arm (226mm). The torque load was cross-checked using the readings of strain gauges installed on the specimens.
Static strength of pristine and damaged specimens
These tests were conducted to provide baseline results for comparison. Only the static strength tests were considered for these two specimens.
Pristine specimen
A torque up to 2,580Nm (1ּ33 times the design ultimate load) was applied to a pristine specimen (Fig. 7) . As predicted no any signs of failure were observed.
Figure 5: Finite element mesh of a section of the TDS with a 50 mm hole
Fixed end
Load cell Hydraulic actuator Loading arm Figure 6 . TDS torsion test rig. The hydraulic actuator is attached to the moment arm via a load cell.
Damaged specimen
It was observed that local buckling and material yielding occurred, as predicted, at the hole edge at the early stage of the test. Final failure of the specimen occurred at 1,420Nm. Classical shear failure was observed, as shown in Fig. 8 . As may be expected the static strength of the damaged specimen was greater than the design limit (1, 300Nm) , that is the damaged shaft would not fail catastrophically upon suffering ballistic impact. However, as discussed earlier under actual dynamic loading conditions the unbalance introduced as a result of the loss of mass and severe buckling deformation would most likely accelerate the fatigue failure process and thus seriously compromise the performance of the helicopter and significantly limit its operating life if without repair.
Static and fatigue strengths of repaired specimens
Both static and fatigue tests were conducted with the repaired specimens. For the fatigue testing, cyclic loading of between 100 -1,000Nm (77% of the design limit load) was applied to the test specimens at 1Hz for up to 100hrs (360,000 load cycles). A 100hr fatigue life is a common requirement for BDR.
Thin aluminium sheet repair
The first specimen was tested under static loading until it fractured (Fig. 9(b) ). Three strain gauges were attached to the specimen as shown in Fig. 9 . Strain gauge 1 was mounted as the far field Gauge 3 gauge for global measurements. Strain gauge 2 was mounted halfway between the middle of the damage and the edge of the metal patch, and gave an indication of the degree of load transfer from the parent structure to the repair. Strain gauge 3 was mounted closest to the damaged area and provided information on the most highly stressed region of the repair. The torque versus strain curves plotted in Fig. 10 show that the response of the specimen was linear up to a torque of 1,280Nm. At higher loads, as predicted, the stains in the repair became unstable as shown by strain gauges two and three readings, followed with large plastic deformation. Severe buckling was clearly observed in the repair directly over the damage (Fig. 9(b) ). After the residual strength tests, the rivets on the specimens were carefully removed and the rivet holes on the specimens and patches were inspected. No fatigue cracks were observed. 
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Strain gauge 2 showed a significantly lower strain compared to the far field value indicating a poor load transfer from the parent to the repair. Failure of the specimen (both the repair and the parent structure) occurred at a torque of 2,200Nm. Figure 9 (b) shows the final shear failure pattern of the specimen.
A second specimen was tested under fatigue loading and failure occurred after 15ּ1hrs (54,333 cycles). Fatigue cracking initiated from rivet holes over the damaged area and propagated in a direction normal to the maximum principal stress, as shown in Fig. 11 . Those balancing rivets installed over the damage created areas of high stress concentration in the most heavily stressed region of the repaired TDS. This resulted in poor fatigue performance.
The results from these two tests show that the conventional repair scheme restored static strength and gave a fatigue life of 15ּ1hrss. However, it is considered that the repaired shaft may only be used for limited time for a mission.
Thick aluminium sheet repair
A static test was first conducted. The measured torque-strain curves plotted in Fig. 12 show that the response of the specimen is linear up to the design ultimate load (1, 950Nm) . With further increases in load, the strain gauge directly over the damage started to show a non-linear response, although no visual indication of plastic deformation was observed. The response of the other two strain gauges remained linear. The strain measured by gauge 3 is identical to the far field value, indicating the patch is effective in the damage region. On the other hand the strain measured by gauge 2 was significantly lower compared to the far field value, indicating an overall low load transfer to the patch. A maximum torque of 3,200Nm (1ּ64 × DUL) was applied without specimen failure. Evidently, this repair scheme may be used to restore the static strength to the design ultimate strength of the TDS as predicted.
Two specimens were tested under fatigue loading. Both specimens completed the 100-hour fatigue cycling without any sign of failure or damage.
After the fatigue tests, static tests were followed to check the residual static strength. Both specimens were loaded to a maximum load of 1,950Nm (DUL) with no sign of failure (Fig. 13) .
After the residual strength tests, the rivets on the specimens were carefully removed and the rivet holes on the specimens and patches were inspected. No fatigue cracks were observed. Table 6 summarises the results from tests using the pristine, damaged and rivet-repaired specimens to facilitate a comparison.
12: Torque vs. strain for TDS specimen with thick, two-half aluminium shell, repair. (a) Strain gauge locations, (b) Torque vs. strain curves 13: No failure was observed during and after testing of the TDS specimen with wo-half aluminium shell, riveted repair
he residual strength tests, the rivets on the specimens were carefully removed an et holes on the specimens and patches were inspected. No fatigue cracks wer ed.
6 summarises the results from tests using the pristine, damaged and rivet-repaire ens to facilitate a comparison. 
CONCLUSION
FE modelling conducted in this study indicated that for a tail drive shaft with relatively large ballistic damage, severe material yielding would occur around the damaged area under the operational loading. The resultant dynamic imbalance would likely induce additional stresses in the rotating shaft leading to eventual failure within a short period if a repair is not promptly applied. Repair trials conducted indicated two kinds of repairs could satisfy the requirement of 2hrs rapid repair time with simple tools: (1) A thin aluminium sheet (up to 0ּ5mm) is manually wrapped and riveted around the damaged area with a symmetric self-balanced rivet pattern. Balance in the shaft is restored by installing additional rivets on the sheet metal over the damaged area, and (2) A pre-rolled thicker aluminium sheet supplied in a BDR kit is riveted around the damaged area with a symmetric self-balanced rivet pattern. The balancing rivets are installed surround the damaged area. These rivets serve both balance and strength recovery purposes. Restoration of balance must be achieved and guaranteed by a well-defined repair procedure, assuming the unbalance could not be measured during a repair in the field. Three possible sources of error that may affect the effectiveness of balance restoration were assessed. The proposed repair methods were estimated to be able to restore the balance by over 85%. For three repaired specimens, an average of 90% balance restoration was achieved.
FE modal analyses indicated that the effect of repair on the natural frequency of the TDS was negligible. As the natural frequency of a TDS is generally designed significantly away from the operational frequency, the repair would be unlikely to change the dynamic performance significantly due to a possible resultant resonant vibration.
The measured static strength of a specimen with 50mm damage (1,420Nm) was 1ּ09 times the design limit load. This appeared to confirm that the shaft would not immediately fail catastrophically upon receiving a ballistic impact. On the other hand the material yielding around the damage region occurred at a torque of significantly lower than the design limit load, indicating that the shaft would be under high risk of failure if it was not repaired.
The thin, single aluminium sheet, riveted repair significantly restored static strength (local yield strength and ultimate strength reached the design limit load and design ultimate load respectively). However, it only gave a fatigue life of 15ּ1hours, and thus the repaired shaft may only be used for limited time for a military mission.
The improved thick, two-half aluminium shell, riveted repair had sufficient static strength beyond DUL and met the 100-hour fatigue requirement without any sign of failure.
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where R h is the radius of the damage hole. The integration calculates a quarter of the curved surface area of the damage region. The total lost mass equals the total curved surface area of the damage region multiplied by the thickn ess and density of the tube. Given R h = 25mm and R = 44ּ5mm, m can be calculated to be 2,038mm 2 σt. The centrifugal force, F, generated from the total lost mass, m, is along the y-direction due to the symmetry condition. F can be calculated using the following equation (by considering the centrifugal force projected in the y-direction):
where ω is the angular speed of the tube.
The equivalent balancing mass, m eb , is defined as a concentrated mass at point o that would generate the same centrifugal force as that from the distributed total lost mass, m, that is:
Comparing equations (A2) and (A3), m eb can be calculated using the following equation:
.
. . (A4)
Given R h = 25mm, m eb can be calculated to be 1,963mm 2 σt. The effect of rivet distribution on balance restoration is assessed by considering the repair method involving the pre-rolled thick aluminium sheets (Figure 2b ).
Referring to Figure 1b and Figure A1 , the total lost mass, m, can be calculated using the following equation:
where R h is the radius of the damage hole. The integration calculates a quarter of the curved surface area of the damage region. The total lost mass equals the total curved surface area of the damage region multiplied by the thickness and density of the tube. Given R h = 25 mm and R = 44.5 mm, m can be calculated to be 2,038 mm 2  t. The centrifugal force, F, generated from the total lost mass, m, is along the y-direction due to the symmetry condition. F can be calculated using the following equation (by considering the centrifugal force projected in the y-direction): 
